Summary The brain protein synthesis and the plasma concentration of growth hormone (GH) is sensitive to the dietary g-aminobutyric acid (GABA) in ovariectomized female rats; however, the role of dietary GABA on biomarkers including nerve growth factor (NGF) and choline acetyltransferase for the function of cholinergic neurons remains unknown in ovariectomized female rats. The purpose of this study was to determine whether the dietary GABA affects the concentration and mRNA level of NGF, and the activity of choline acetyltransferase in the brains of ovariectomized female rats. Experiments were done on two groups of 24-wk-old ovariectomized female rats given 0 or 0.5% GABA added to a 20% casein diet. The concentrations of NGF and activities of choline acetyltransferase in the cerebral cortex and hippocampus, and mRNA level of NGF in the hippocampus increased significantly with the 20% casein10.5% GABA compared with the 20% casein diet alone. In the hippocampus, the mRNA level of NGF significantly correlated with the NGF concentration (r50. 714, p,0.01). These results suggest that the administration of GABA to ovariectomized female rats is likely to control the mRNA level and concentration of NGF and cause an increase in the activity of choline acetyltransferase in the brains.
Nerve growth factor (NGF) is one of the neurotrophic factors and stimulates differentiation and growth of basal forebrain cholinergic neurons (1, 2) . The highest concentrations of NGF mRNA were found in the cortex and hippocampus, which are the major targets of the NGF-responsive cholinergic neurons of the basal forebrain (3). Choline acetyltransferase, the biomarker for the function of cholinergic neurons, is induced by NGF (4) and the concentration and mRNA level in hippocampal NGF are correlated with the density of cholinergic innervation (5). NGF was able to affect survival of central cholinergic neurons after axonal transections in adult rats (6). Alzheimer's disease is associated loss of cholinergic neurons (7), which are essential for learning and memory processes, notwithstanding the exact mechanism of response. Sherwin (8) reported that there was a beneficial effect of estrogen on memory tasks in postmenopausal women. Data in ovariectomized rats indicated that soy isoflavones and estrogen increased the activity of choline acetyltransferase and NGF mRNAs in the brain (9). We also reported that estrogen and dietary genistein increased the brain protein synthesis in ovariectomized female rats (10, 11). These data suggest the possibility that the concentration and mRNA level of NGF may play a role in determining the choline acetyltransferase activity in the brain regions and brain function.
On the other hand, several investigations have demonstrated that estrogen stimulated the release of g-aminobutyric acid (GABA) in the brain (12). GABA is a kind of the amino acid widely distributed in nature, and is an inhibitory transmitter compound in vertebrates (13, 14) . Recently, GABA has been attracting attention as a food with functions such as improvement of memory and study capability and relaxation (12, 15) . In a previous study, the plasma concentration of growth hormone (GH) and the protein synthesis in the brain were also shown to be sensitive to the dietary GABA in ovariectomized female rats, and a positive correlation existed The purpose of our study was to determine whether the GABA affects the NGF concentration and the mRNA level, and choline acetyltransferase activity in the brains of the ovariectomized female rats. Two questions were considered in the present study: 1) whether the dietary GABA might affect the concentration of NGF and the activity of choline acetyltransferase in the brains of ovariectomized female rats, and 2) whether the increased mRNA level of NGF in ovariectomized female rats given the GABA resulted in a higher NGF concentration in the brain regions than that in rats fed the basal diet, and increased the choline acetyltransferase activity in the brain. Therefore, we examined the concentration of NGF and the mRNA level, and the activity of choline acetyltransferase in the cerebral cortex and hippocampus. We have already reported that the plasma concentration of GH and the protein synthesis rate in the brain depended on the level of dietary addition of GABA, and the rate of protein synthesis in the brain was the highest in rats administered 0.5% GABA added to a 20% casein diet compared with control rats (18) . Thus, in this study, we used a 20% casein10.5% GABA diet as the experimental diet. The effects of GABA treatment on the GH concentration in plasma were also investigated.
Materials and Methods
Chemicals. All reagents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Animals and diets. Ovariectomized female rats (24 wk, Japan SLC, Inc., Hamamatsu, Japan) were individually housed at 24˚C in a room with a 12-h light-dark cycle. The rats were transferred to the experimental diets after being fed a 20% casein diet for 10 d. The experimental diets contained 0 or 0.5% GABA added to the 20% casein diet (Table 1 ). All rats were individually housed and given free access to food and water. The approval of Aichi University of Education Animal Care and Use Committee was given for our animal experiments.
Experimental design. Three experiments was conducted on two groups of rats. In Experiments 1 and 2, all rats were fed the experimental diets for 10 d. After the 10-d feeding period, the rats were decapitated, and the cerebral cortex and hippocampus (19) were quickly removed. The blood was collected into heparinized tubes, and the plasma was separated by centrifugation at 2,500 rpm for 15 min. For measuring the concentration of GABA, the plasma was treated with ethyl alcohol to precipitate the protein (20) . The GABA concentration was measured by high pressure liquid chromatography. The effects of dietary GABA on the concentrations and mRNA levels of NGF (Experiment 1), and activities of choline acetyltransferase (Experiment 2) in the brains were investigated. The plasma concentration of GH rose very rapidly after GABA treatment. Therefore, in Experiment 3, the plasma concentration of GH was measured after only one 3-h feeding period of the test diet. After feeding on the 20% casein diet for 10 d (one 3-h feeding period per day, from 9:00-12:00), the rats were given the experimental diets for 1 d (only one 3-h period). After the 3-h feeding period, rats were decapitated. The concentration of plasma GH was measured by the method of EIA (SPI bio, Massy, Cedex, France).
Determination of choline acetyltransferase activity. The activity of choline acetyltransferase in the brains was measured according to the method of Fonnum (21) . The tissue samples were homogenized with 20 volumes of cold 50 mmol/L sodium phosphate buffer (pH 7.4) containing 0.01 mol/L EDTA and 0.5% Triton X100. The homogenate was incubated with 50 mmol/L sodium phosphate (pH 7.4), 0.2 mmol/L acetylCoA, 14.8 MBq/L 1-14 C-acetylCoA, 0.8 mmol/L choline chloride, 20 mmol/L EDTA, and 0.1 mmol/L physostigumine sulphate at 37˚C in 300 mL. After 15 min, all reaction mixtures were quickly transferred to the scintillation vial by cold 10 mmol/L sodium phosphate (pH 7.4). The radioactivity was determined by adding a toluene scintillation mixture containing 0.05% diphenyloxazole and 0.02% 1,4-bis-(5-phenyloxazole-2yl)benzene, and acetonitrile containing 0.5% Kalignost (Accuflex LSC 7400, Hitachi Aloka Co., Tokyo, Japan).
Determination of NGF by enzyme immunoassay (EIA). The tissue samples were homogenized with 20 volumes of cold 20 mmol/L Tris-HCl buffer (pH 8.0) containing 137 mmol/L NaCl, 1% Triton X100, 10% glycerol, 1 mmol/L phenylmethylsulfonyl fluoride, 10 mg/mL aprotinin, 1 mg/mL leupeptin and 0.5 mmol/L sodium vanadate. Homogenates were centrifuged at 15,000 3g RT-PCR analysis. Brain cerebral cortex and hippocampus tissues were homogenized and total RNA was extracted using the RNeasy Mini Kit (Qiagen Japan, Tokyo) (22) . First-strand cDNA was synthesized from total RNA using first-strand synthesis system (Life Technologies Japan, Tokyo). NGF mRNA was measured by a light cycler real time PCR system and real time PCR kit for light cycler (Roche, Mannheim, Germany). Primer sequences for amplification were 5′-CAACAGGACTCA-CAGGAGCA-3′ and 5′-GTCCGTGGCTGTGGTCTTAT-3′ for NGF and 5′-TGACGGTCAGGTCATCACTATC-3′ and 5′-GGCATAGAGGTCTTTACGGATG-3′ for b-actin. The RNA preparation and real time PCR in the present study were performed in duplicate. We used the b-actin mRNA level to normalize the NGF mRNA level.
Statistical analysis. The means and SE are reported. Student's t-test was used to compare means (23) . Differences were considered significant at p,0.05. A linear regression analysis was used to assess the relationship between the concentration and mRNA level of NGF (23) .
Results and Discussion
Cholinergic neurons are essential for learning and memory processes (7, 24) . Biomakers including choline acetyltransferase and NGF have been shown to be important for the function of cholinergic neurons (17). In previous studies, we reported that the administration of GABA to ovariectomized female rats increased the rate of protein synthesis in the brain, and that the brain function may be affected by the dietary GABA (16). However, little information is available on the effects of dietary GABA on the concentrations and mRNA levels of NGF in ovariectomized female rats. Therefore, we determined whether dietary GABA increased the concentrations and mRNA levels of NGF in the brain.
The body weight gain and food intake did not differ among experimental groups ( Table 2 ). The relative weights of the cerebral cortex and hippocampus did not differ among experimental groups.
In the brain regions of the cerebral cortex and hippocampus, GABA supplementation to the basal diet elevated the concentration of NGF ( Table 2 ). The changes in NGF concentration in the cerebral cortex and hippocampus were likely attributable to the dietary GABA. In the function of cholinergic neurons is partly related to the concentration of NGF in the cerebral cortex and hippocampus. In the present study, the mRNA level of NGF in the group fed the 20% casein10.5% GABA diet was higher than in the group fed the 20% casein diet alone (Table 2) . Correlations between the concentration and mRNA level of NGF were significant in the hippocampus (r50.704, p,0.01). However, the mRNA level of NGF in the cerebral cortex did not differ between the two groups ( Table 2 ). The higher concentrations and higher mRNA level in NGF were found in the hippocampus, which is a major targets of the cholinergic neurons of the basal forebrain (3, 25) . Therefore, the dietary addition of GABA may have controlled the NGF mRNA level only in the hippocampus and increased the NGF concentration in ovariectomized female rats. The effects of GABA treatment on the NGF concentration in the cerebral cortex should be determined in detail in further studies.
In the present experiment, the activity of choline acetyltransferase in the cerebral cortex and hippocampus, and the plasma concentration of GABA increased with the treatment with GABA (Table 3) . It is well 4 The relative mRNA levels are shown as the ratio to the value of control group. (4) reported that the NGF treatment increased the activity of choline acetyltransferase in vivo in the hippocampus and cortex of newborn rats. The higher mRNA level NGF in the hippocampus of ovariectomized female rats fed the GABA may have regulated the NGF concentration in the hippocampus and increased the activity of choline acetyltransferase in the brain. However, in the present study, we did not determine the mRNA level of choline acetyltransferase in the brain. The effect of dietary GABA on the choline actyltransferase mRNA level in the brains of ovariectomized female rats is another question to consider in a future study. A deficiency of growth hormone (GH) also affects brain function. Treatment of adult GH-deficient patients with human GH is reported to improve the cognitive efficiency and memory function (27, 28) . GH has been found to facilitate the long-term memory and the extinction response as recorded in a behavioral assay in rats (29) . Le Greves et al. (30) suggested that GH induced the gene expression of hippocampal N-methyld-aspartate receptor in rats, coinciding with improved learning and memory capabilities. The possibility that the hormone itself may pass the blood-brain barrier is supported by several studies (31) . The GH-binding receptor has been identified in the brains of humans and rats (32) . Recently, we (33) reported that dietary GABA increased the rate of brain protein synthesis in sham-operated rats, and did not affect the rate of brain protein synthesis in hypophysectomized rats. Thus, the GABA-induced increase in the concentration of GH may be primarily responsible for changes in the brain protein synthesis (33) . In Experiment 3, a transiently higher plasma concentration of GH was observed after feeding GABA diet; however, the food intake did not differ between the experimental groups (Table 4) . Therefore, the results suggested that the dietary GABA affected the gene expression of brain protein, and that the regulation of NGF by GABA treatment was mediated through changes in the concentration of GH. However, the role of GH treatment in maintaining NGF in the brains of rats given GABA remains unknown. Measurement of the role of GABA and GH on the mRNA of NGF in the hippocampus of hypophysectomized rats should be included in further studies of the effect of GABA treatment on the brain function of aged rats.
Several investigators reported that GABA did not pass the blood-brain barrier (34, 35) . Recently, in the pituitaries of young rats, the GH stimulatory effect of GABA has been shown to involve enhanced calcium-flux (36) and increased intracellular calcium (37). Mergl et al. (38) suggested that GABA directly stimulated GH secretion in the pituitary. However, little documentation of the effect of GABA treatment on the GH secretion has been reported in ovariectomized female rats. The regulatory mechanism for the effect of GABA on the plasma concentration of GH of ovariectomized female rats is another question to consider in a future study.
Sherwin (8) reported that there was a beneficial effect of estrogen on memory tasks in postmenopausal women, and that estrogen deficiency may be partly responsible for the neurodegeneraion of Alzheimer's disease. Data in ovariectomized rats demonstrated that treatment with estrogen increased the mRNA of NGF and choline acetyltransferase in the brain, which are important for learning and memory processes (9). In the present study, we found a higher concentration and mRNA level of NGF, and higher activity of choline acetyltransferase in the hippocampus of GABA-treated ovariectomized female rats. The results strongly suggested that the ingestion of dietary GABA reversed the effect of ovariectomy on the brain function in the female aged rats. On the other hand, little documentation of the effect of GABA treatment on the brain function or content of choline acetyltransferase and NGF has been reported in young or male rats. Therefore, for future study, the effects of dietary GABA on the NGF concentration and choline acetyltransferase activity in the brains of young rats or male rats is another question.
These results suggest that the administration of GABA to ovariectomized female rats is likely to control the mRNA level and concentration of NGF and cause an increase in the activity of choline acetyltransferase in the brains. The mRNA level is at least partly related to the mechanism by which the dietary GABA affects the NGF concentration in the brains of rats. These findings are also of importance nutritionally in understanding the role of GABA in the brain function in mammals. 
